Insulin-Mediated Increases in Microvascular Perfusion
Present status. The role of blood flow in insulin action has had a checkered history, and as pointed out in our previous review on this topic five years ago (28) , the association of increased limb blood flow due to insulin and the increase in "downstream" glucose uptake by muscle remains controversial. What appears to be accepted by many (9, 21, 45, 76, 94, 107, 108, 151, 180, 185, 194) is that physiological insulin acts at key sites in the vasculature of muscle to increase available capillary surface area, with the potential for increased delivery of both insulin and glucose (and perhaps other nutrients) to the myocytes. This is termed "capillary recruitment" or "increased microvascular perfusion," and it clearly involves what we have interpreted as an increase in nutritive blood flow for muscle. A key component of, and contributing factor for, insulin-mediated increase in microvascular perfusion is the vasodilatory action of this hormone on terminal arterioles that control access to nutritive capillary beds of muscle that are receiving little, intermittent, or no blood flow in the basal state. There is now strong evidence for insulin's vasodilatory action with microvessels exposed in vivo such as that of the spinotrapezius muscle (132) as well as from isolated microvessels and endothelial cells (46, 196) .
A second component of insulin's action that we have proposed previously is a vasoconstrictor activity (28) . This may result from insulin-mediated endothelin-1 (ET-1) release (46) or other as-yet-unidentified vasoconstrictors, which in turn gives rise to vasoconstriction of arterioles controlling entry to nonnutritive vessels of connective tissue (28) to further increase nutritive flow. However, although the release of ET-1 from endothelial cells by insulin is generally accepted (e.g., see Ref. 156) , its place in the control of nutritive flow in healthy muscle is presently unknown. Recent application of a microdialysis method (discussed in Developments in techniques for determining capillary recruitment) gave no evidence for an insulin-mediated decease in nonnutritive flow (113) , and so this weakens the notion of an accompanying vasoconstriction with normal insulin action. Thus a role for ET-1-mediated vasoconstriction in insulin action in healthy tissue remains to be resolved. Eringa et al. (46) , using isolated first-order microvessels, reported that insulin (applied abluminally) had no vasodilatory action unless an ET-1 receptor antagonist was present, suggesting that the first-order vessels are controlled by both ET-1 (vasoconstriction) and nitric oxide (NO; vasodilation). If indeed ET-1 is released by insulin action and its proposed role is to constrict flow in the nonnutritive route, as indicated above, then a population of arterioles that vasoconstrict with ET-1 with minimal NO-mediated vasodilation should be present. So on balance, the data of Eringa et al. (46) are more consistent with the view that ET-1 plays a role only in insulin resistance when insulin-mediated NO-dependent vasodilation is impaired and ET-1-mediated vasoconstriction dominates to contribute to both hypertension and diminished nutritive blood flow in muscle (e.g., see Ref. 151) .
Not all workers in this field have embraced the notion that delivery is a vital part of insulin's action (e.g., see Refs. 82, 117, and 143) . Indeed, most, if not all, of these groups have avoided the issue and instead focused entirely on events occurring after the insulin and glucose have crossed the capillary walls and insulin has commenced the insulin-signaling cascade by interacting with myocyte insulin receptors (e.g., see Refs. 82 and 120). To date, there has been only one study where the notion that insulin increases delivery to muscle has been challenged (183) , but that study specifically examined inulin distribution volume and not microvascular perfusion. This reviewer is unaware of findings that directly dispute that insulin-mediated capillary recruitment occurs or that capillary recruitment is impaired in insulin-resistant states.
History of insulin-mediated capillary recruitment in muscle. Defronzo et al. (39) studied the relationship between exercise and insulin on muscle glucose uptake and suggested that the synergism was the result of increased blood flow and increased capillary surface area for enhanced insulin delivery to exercising muscle. However, Baron et al. (see Ref. 4 and references therein) must be given credit for being the first to show an independent action of insulin to increase limb blood flow that had the potential to increase capillary recruitment. Even so, a number of groups subsequently showed that an increase in limb blood flow did not always associate with increased myocyte glucose uptake (e.g., see Refs. 111, 116, 144, and 162) , and a lively controversy ensued (167, 191) . Because of the absence of techniques to detect actual changes in microvascular perfusion, direct evidence for insulin-mediated capillary recruitment in vivo did not appear until 1997, when Steve Rattigan from our group, working with Gene Barrett, perfected the 1-methylxanthine (1-MX) method in rats (127) . Subsequently, we have extended the rat studies by showing that capillary recruitment is impaired under a number of circumstances relating to insulin resistance, whether this was induced acutely [␣-methyl serotonin (128) , TNF␣ (192) , intralipid/heparin (29) , glucosamine (181) ] or genetically inherited in rats [Zucker obese rats (182) ]. Augmentation of the process was also possible, and exercise training was shown to enhance insulin-mediated capillary recruitment in association with enhanced glucose uptake (129) . In addition, insulin's action to increase microvascular perfusion along with the action to increase limb blood flow and muscle glucose uptake were shown to be partly NO dependent (176, 177) . Taken together, and as shown elsewhere, the correlation between insulin-mediated capillary recruitment as measured by 1-MX metabolism and glucose uptake is remarkable (see review in Ref. 24 and Fig. 1 therein) .
By 2002, it was shown that insulin-mediated increase in microvascular perfusion preceded any detectable change in muscle glucose uptake (175) , and a detailed time course study was published in 2004 (177) . This advance was possible largely as the result of being able to continuously measure changes in microvascular perfusion using contrast-enhanced ultrasound (CEU; cf. 1-MX method, which is an end-point determination made at steady state) (33) . In addition, and by using both CEU and 1-MX metabolism, capillary recruitment was shown to be more sensitive to insulin than glucose uptake or the increase in limb blood flow (197) . It was also shown that, although insulin-mediated capillary recruitment was sensitive to inhibitors of NO synthase (NOS), exercise-mediated capillary recruitment was not NO-dependent (136) .
It is important to note that measurement of capillary recruitment in muscle of human subjects cannot be conducted using 1-MX metabolism (Rattigan S and Richter EA, unpublished observations) probably because human muscle capillary endothelium contains much less xanthine oxidase than rats, and thus the arterio-venous difference across the leg at the high blood flow rates encountered in humans is too small to allow an accurate assessment of 1-MX metabolism. Thus CEU has been the method of choice in humans, and using this technique, insulin-mediated capillary recruitment was first reported by Coggins et al. (31) in 2001. Subsequently, capillary recruitment was reported in the forearm of healthy humans following a mixed meal and was found to follow closely the timedependent rise in plasma insulin (178) . In light exercise, the increase in microvascular volume preceded the increase in limb blood flow (178) . In addition, insulin-mediated capillary recruitment in the forearm was shown to be impaired in obese women when they were exposed to a physiological insulin clamp (30) .
Our findings and those by our colleagues at the University of Virginia have resulted in the CEU method being used by others. For example, Mulder et al. (105) have recently shown positive stimulatory effects of both exercise and insulin on microvascular blood volume in healthy nonobese humans, using real-time contrast imaging of forearm muscle. This is a departure from the original CEU method and involves a bolus injection of contrast medium with image measurement over 90 s rather than continuous infusion and intermittent harmonic imaging. In addition, Muniyappa et al. (106) have published a study where forearm capillary recruitment was determined following oral glucosamine in lean and obese subjects.
In heart, Scognamiglio et al. (149) have used CEU to describe an increase in postprandial myocardial perfusion in healthy subjects, which was markedly diminished in type 2 diabetic patients; this defect was partly corrected by acutely administered fast-acting insulin analog prior to the meal (150) .
Other methods have been used to determine changes in capillary perfusion in muscle. For example, de Jongh et al. (35) used an impaled laser Doppler flowmetry (LDF) probe to assess the change in muscle microvascular perfusion in normal healthy subjects when they were subjected to a hyperinsulinemic euglycemic clamp. Although the increase in microvascular perfusion itself was not significant, a decrease occurred in the time needed to reach peak intramuscular perfusion during reactive hyperemia, and there was a dramatic increase in vasomotion due to the insulin. The increase in vasomotion mediated by insulin has been confirmed in rats in vivo in this laboratory (114) and may play a crucial role in facilitating increased microvascular perfusion for insulin and glucose delivery (this is discussed in more detail below) (35) .
LDF has also been used to assess insulin responsiveness of muscle in individuals with features of the metabolic syndrome (92) . Measurements were made under basal conditions and during reactive hyperemia to arterial occlusion before and during the clamp. Functional vasodilatory reserve was reduced in individuals with features of the metabolic syndrome. Similarly, in rats in vivo, acute insulin resistance resulting from ␣-methyl serotonin infusion blocks the stimulatory effect of insulin on vasomotion at 0.06 -0.3 Hz (114), attributed to smooth muscle response as deduced from wavelet analysis of the LDF signal (165) .
Indirect evidence for insulin-mediated capillary recruitment. A particularly novel approach to assess change in microvascular perfusion of muscle was used by Ellmerer and colleagues (43, 44) . During hyperinsulinemic euglycemic clamps in dogs, transport parameters and distribution volumes of [ 14 C]inulin (a polymer of D-fructose of similar molecular size to insulin) were determined. Insulin was found to stimulate the extravascular distribution volume of inulin (44) , and in a later study (43) , direct cannulation of the hindlimb lymphatics was made and the appearance of intravenously injected [
14 C]inulin determined in lymph during physiological hyperinsulinemia. The effects of insulin in control and insulin-resistant animals from a high-fat diet were compared. The high-fat diet resulted in a significant reduction of the peripheral distribution volume of [ 14 C]inulin and a marked decrease in inulin appearance in the lymph. The authors in the later study proposed that the observed diet-induced defect in stimulation of tissue perfusion contributes to the development of peripheral insulin resistance (43) . However, in a recent report, physiological hyperinsulinemia was found to have no detectable effect on access of inulin to insulin-sensitive tissues in healthy humans (183) . The significance of this difference between dogs and humans remains to be explained.
Yet another indirect approach for assessing capillary recruitment has been to use microdialysis to determine interstitial delivery of glucose and from this, together with extraction fraction, and blood flow across the region of interest calculate permeability surface (PS) area changes. In one of the first studies by this group (61) , an oral glucose load by healthy males was shown to increase PS for glucose by almost 10-fold. Again using this approach, a second study involving eight men with type 2 diabetes and eight age-, sex-, and weight-matched controls was conducted during the last 30 min of a 330-min hyperinsulinemic euglycemic clamp at 120 mU⅐m 2 ⅐ min Ϫ1 . PS areas for glucose of the diabetics were ϳ45% of the controls (60) . Most recently, local vasodilation with methacholine was shown to attenuate the impairment of insulin actions on muscle capillary recruitment and glucose disposal in obese insulinresistant subjects (109); capillary recruitment was measured by determining the capillary PS area product for glucose using intramuscular microdialysis (61).
Bertoldo et al. (11) has used positron emission tomography (PET) to study the interactions between delivery, transport, and phosphorylation of glucose in regulating glucose uptake by muscle. PET imaging was conducted on human muscle using a mix of various tracers that enabled quantitative determinations of glucose delivery, transport, and its phosphorylation. During fasting, with no added insulin, regulation was found to be exerted predominantly at glucose transport, but under insulinstimulated conditions control was distributed equally between delivery and transport. However, it must not be forgotten that insulin-mediated increase in glucose transport can be activated only if insulin delivery occurs, and as yet there are only sketchy details on where control points are exerted for this process. Attempts to determine interstitial insulin concentrations by microdialysis following insulin infusions have been hampered by low recovery due to relatively low permeability of the microdialysis probes to insulin (77, 163) . However, there is considerable evidence that the delay in insulin reaching the interstitium reflects a delay in delivery involving the time required for insulin-mediated increase in microvascular perfusion and/or transendothelial transport (see below). A recent study shows that hyperinsulinemia increases human forearm capillary recruitment and insulin uptake; capillary recruitment was significant at 15-20 min and insulin uptake at 40 min after commencement of insulin infusion (42) .
Capillary recruitment in skin: inferences for muscle. A number of studies have reported a stimulatory effect of insulin on microvascular perfusion of skin (e.g., see Refs. 35, 71, 138, and 154) and a defect in this process in association with hypertension (152, 153, 155) , obesity (36 -38) , and insulin resistance (37) . Two types of approaches have been used to assess changes in microvascular perfusion. Most commonly, human subjects undergo a hyperinsulinemic euglycemic clamp, and skin capillary recruitment is assessed before, and immediately after, a short period of reactive hyperemia. For example, nailfold capillaries in the dorsal skin of one of the fingers are visualized by a capillary microscope. A visual field of ϳ1 mm 2 is recorded before and after 4 min of arterial occlusion with a finger cuff. Erythrocyte-perfused capillaries are counted at baseline and directly after release of the cuff by analysis of the recordings. The responses vary, but in general, physiological insulin (ϳ400 pM) results in a 35% increase relative to basal following cuff removal (37) . The second approach has been to apply insulin directly on the skin on the inside of the wrist in a specially designed cell to which a laser Doppler flow probe is fitted. The cell also can act as a cathode, to which a small current is periodically applied (e.g., 200 microamps) every 90 s with an anode placed ϳ6 cm away. Vehicle controls are used for comparison, but using iontophoresed insulin in this manner, the laser Doppler signal can increase between two-and sixfold in healthy human subjects (e.g., see Ref. 154) . However, there are a number of issues that need to be resolved before insulinmediated capillary recruitment can be concluded to have occurred from each of these approaches. First, it is not clear why the hyperinsulinemic clamp, which readily reveals a direct increase in muscle microvascular perfusion (31), does not increase nailfold capillary perfusion (35) or skin blood flow (71), nor is it clear why insulin-mediated increase can be deduced only by measuring the reactive hyperemic response before and after insulin (35) or by systemic administration of a rapidly absorbed form of insulin (glulisine) (71) . Second, the increase in laser Doppler signal from iontophoresed insulin on the skin of the wrist may not necessarily reflect capillary recruitment. This is because LDF appears to be more sensitive to changes in nonvectorial speed resulting from increased blood flow rate than an increase in cell number from an increase in the number of perfused capillaries (25) . Thus an increase in LDF signal during iontophoresis could arise from a vasodilatory action of insulin to increase local blood flow rate in vessels already perfused rather than a vasodilatory action of insulin at branch points of the terminal arterioles to increase the number of capillaries perfused. This latter issue is particularly important when the responses of skin determined by LDF and muscle determined by 1-MX or CEU are compared. For muscle, it has been shown that a number of agents can markedly increase flow without an increase in capillary recruitment (e.g., see Ref. 28) . With the exception of methacholine (99, 109) , it is likely that a number of other vasodilators that have no effect on muscle glucose uptake, such as nitroprusside, adenosine, and IGF-I, would simply increase skin blood flow in nonnutritive vessels (shunts) without recruiting nutritive capillaries.
Developments in techniques for determining capillary recruitment. There are now a number of techniques that have been claimed to measure changes in microvascular perfusion in muscle, and these are shown in Table 1 . Some are direct, others are indirect, and several depend on a number of assumptions. In this section, each of these techniques is examined to highlight the most recent developments. The methodological aspects of the techniques of 1-MX metabolism and CEU have been dealt with in detail in previous reviews (28, 130) . Each of these two methods essentially measures a change in capillary surface area available for substrate and hormone exchange. The 1-MX metabolism method is predicated on the assumption that the target enzyme xanthine oxidase is located predominantly in the capillary endothelium, and thus any change in the available capillary surface area resulting from capillary recruitment is reflected by an increase in the metabolism of entering 1-MX. For changes in capillary recruitment that might be mediated by insulin or exercise, limb blood flow is multiplied by the arterio-venous difference determined across the limb. In general, the rates of metabolism are determined under experimental (e.g., insulin infusion) and control conditions (e.g., saline infusion) to establish that a change has taken place. However, it is important to note that this technique does not allow determination of the proportion of total flow that is passing through the nutritive route before or after intervention (e.g., insulin infusion). Similarly, the 1-MX method does not allow detection of a flow pattern change between the nutritive and nonnutritive routes. For example, capillary recruitment occurs at physiological insulin when there is no accompanying change in limb blood flow (177) , and low levels of muscle contraction also induce capillary recruitment in the absence of flow increase (178) . In both of these circumstances, flow redistribution from the nonnutritive to the nutritive route could very likely account for the increase in 1-MX metabolism because the nonnutritive route comprises short capillaries (of low resistance and therefore high capacitance) and thus has a low opportunity for metabolism of 1-MX to occur.
When using the 1-MX method, it is also important to determine that the level of expression of capillary xanthine oxidase does not change as a result of the experimental intervention or different experimental paradigm. For example, when 1-MX metabolism was used to assess insulin-mediated capillary recruitment in Zucker obese vs. lean rats, it was necessary to establish that xanthine oxidase levels did not differ between the two phenotypes. In acute interventions (e.g., 2-h exposure to TNF␣), this is of less concern. Calculation of 1-MX metabolism requires accurate measurement of limb blood flow; so far this has been conducted only in anesthetized animals but is theoretically possible for conscious unrestrained animals, provided that movement is minimal. CEU (Table 1 ) measures the volume occupied by the contrast agent (gas-filled microbubbles), and by constructing pulse interval curves and subtracting the volume that can be attributed to rapidly filling larger feed vessels (31) , it is possible to deduce the perfused microvascular (capillary) volume. Throughout the studies published thus far by us and our colleagues (30, 31, 33, 42, 74, 136, (175) (176) (177) (178) (179) 197) , this substraction has been made and the group of rapid-fill vessels may include those of the nonnutritive route, but this requires confirmation by conducting experiments where a high proportion of nonnutritive flow is created so that characterization is possible. Often the field of interest from which determination of microvascular volume is made represents a wedge of muscle of ϳ1 g in the rat and 15 g in the human. Regardless of the mass of muscle studied, only 8% of the capillaries need to be short, of low resistance (therefore slightly larger in diameter; e.g., see Ref. 66) , and traveling through connective tissue to meet the requirement for a nonnutritive route of muscle with the capacity to carry ϳ50% of the blood flow at rest. CEU only allows determination of a change in microvascular volume and is used in essentially the same way as 1-MX metabolism comparing an experimental intervention with a control that is conducted separately. Thus, at this stage, using either 1-MX or CEU, the proportion of total blood flow that is nutritive cannot be determined. Since muscle contraction readily leads to increases in microvascular perfusion, subjects must remain motionless when infused agents are being tested. Obviously, experimental animals must be anesthetized to avoid the confounding effects of muscle contraction. Because of the plethora of genetically modified mice important to cardiovascular research, it is an imperative to adapt this technique for muscle studies in these small animals.
As discussed earlier in this review, LDF (Table 1) has been used more commonly to measure changes in capillary flow in skin than in muscle. This is simply because only low-intensity laser light is used and tissue penetration is limited. To date, the only full publication describing an insulin-mediated increase in relative perfusion and a decrease in time to peak perfusion from LDF signal in skeletal muscle is by de Jongh et al. (35) . In that study, plasma insulin levels increased more than sixfold and leg blood flow was increased by 36% (35) .
Interpretation of an increase in primary LDF signal as representing an increase in microvascular perfusion may be misleading. Using various constructed models of fine tubing, we showed that the reflected LDF signal arose predominantly from red blood cell movement (nonvectorial speed) and less so from cell number (25) , emphasizing that any change in LDF signal, obtained from tissue measurements, should be treated with caution. One way to avoid this potentially confounding issue is to use experimental conditions where bulk flow does not change (e.g., low concentrations of insulin or low levels of exercise). Alternatively, attention can simply be focused on analyzing the signal frequencies (reflecting vasomotion), changes of which may not necessarily be linked to change in limb blood flow, although this requires future investigation.
Microdialysis has been applied largely to sample interstitial fluid and thereby determine concentrations of various metabolites that readily cross the membrane of the microdialysis probe threaded through the muscle. Gudbjörnsdóttir et al. (61) have successfully adapted the method to measure capillary recruitment by determining the capillary PS area product for glucose. In contrast, use of this method to determine limb blood flow from the out/in ratio of either 3 H 2 O or ethanol (164) can lead to serious errors. Recognition that muscle blood flow has two components (nutritive and nonnutritive) needs to be taken into account, because any agent that changes the proportion of total flow that is nutritive changes the out/in ratio independently of a change in total flow (112) . It would thus seem reasonable to conclude that microdialysis out/in ratios largely reflect nutritive flow. In fact, Newman et al. (113) and Roberts et al. (134) have specifically adapted the microdialysis technique to determine the proportion of total blood flow that is nutritive (Table 1 ). A mathematical model using the microdialysis outflow/inflow (O/I) ratio of L-[ 14 C]glucose was developed. This steady-state model is based on a cylindrical probe geometry and assumes that diffusion from the probe is 2) Cannot distinguish proportion of total flow that is nutritive.
3) Reflects metabolism in capillaries of muscle CEU Nutritive capillaries fill more slowly than either nonnutritive route or feed vessels.
1)
Subjects must remain motionless; animals need to be anesthetized.
Essentially noninvasive. Rats (33, 136) Humans (31, 178) 2) Yet to be adapted to mice.
3) Cannot distinguish proportion of total flow that is nutritive. LDF Signal for capillary recruitment not confounded by signal from cell motion. Three-compartment model, where main central compartment ϭ blood volume; 2 peripheral compartments represent rapid and slow equilibrating interstitial fluid compartments with rapid ϭ splanchic and slow ϭ muscle.
44, 69, 166
Muscle lymph sampling Lymph draining from muscle derives exclusively from nutritive flow.
1)
Suitable only for larger animals where lymphatics can be sampled.
2) Lymph is difficult to collect
and may require massaging of muscle. 3) Ideally, rate of lymph production should be measured.
Direct measurement of change in delivery to interstitium.
44, 166
Venous occlusion Plesymethography Sometimes claimed to be measuring microvascular perfusion.
Actually measures total flow in forearm.
Noninvasive. 186
Near-infrared method with ICG ICG does not extravasate. Measures entitre vascular volume and thus cannot determine microvascular perfusion.
Allows blood flow distribution measurements, e.g., in tendons.
only in the radial (r) direction, with none in the axial direction (z), and that the tracer is not metabolized (134) . This means that there is an implied assumption that the interstitial space is an unstirred compartment. Considering a differential length of probe (dz), a mass flux (M) leaves the probe volume to the outside surface of the probe membrane. At steady state, this mass flux must be matched by a mass flux from the interstitial fluid into surrounding capillaries (which must be nutritive by definition). From derived equations (134), knowledge of the diffusion coefficient, and total blood flow around the microdialysis probe, determination of the nutritive fraction of blood flow in the tissue can be made (113) . This is now the second method available for determining nutritive flow as a proportion of total flow (e.g., limb blood flow). An earlier method based on the indicator-dilution pattern of radioiodoalbumin and of 86 Rb was reported in 1966 (55) . Application of the microdialysis method (113) has been conducted on anesthetized rats, although anesthesia may not be essential, provided that the microdialysis probe does not move or dislodge. The microdialysis probe carrying L-[
14 C]glucose was inserted through the calf muscle group (tibialis/plantaris/ gastrocnemius), and the nutritive fraction of total blood flow was determined under basal conditions and in response to contraction (electrical field stimulation), insulin (hyperinsulinemic euglycemic clamp with 10 mU⅐min 14 C]glucose O/I ratio revealed that, during basal conditions, the nutritive fraction of total flow was ϳ38%, indicating that under these conditions before the infusion of insulin ϳ62% of the total flow was passing through a vascular route that had little or no exchange with the interstitial fluid surrounding the muscle fibers (i.e., the "nonnutritive" route), or indeed the probe. Insulin at a high physiological dose increased limb blood flow from 1.2 to 1.8 ml/min and, based on calculations using L-[
14 C]glucose O/I ratio, resulted in an increase in the nutritive fraction to ϳ52%. Muscle contraction also increased limb blood flow (to 2.0 ml/min) and the nutritive fraction to ϳ82%. Calculations of the absolute nutritive flow rates revealed that insulin and contraction had increased nutritive flow by 113 and 250%, respectively. Insulin did not affect the absolute nonnutritive flow rate, but contraction significantly reduced it. These data indicate that there was a preferential increase of flow to the nutritive route as a result of insulin action, thus consistent with the known vasodilatory action of this hormone (127) . In addition to a preferential increase of flow to the nutritive route, contraction seems to have actively reduced flow to the nonnutritive route, suggestive of an accompanying vasoconstriction. The source of the vasoconstriction has yet to be identified but may be due to the accompanying increase in sympathetic tone that occurs with muscle contraction in vivo. A drawback of the microdialysis technique is that the sampling volume is relatively small. To increase the sampling accuracy, a number of probes simultaneously located in slightly different positions in the limb can be used. Since there is always potential for damage to the tissue surrounding the probe due to its insertion and physical presence, some caution should be exercised in the interpretation of the data.
Washout kinetics (Table 1) following the injection or infusion of a labeled marker substance has been applied in various forms to measure total blood flow and, by default, microvascular perfusion. The classical approach has been to use an intramuscular injection of 133 Xe and follow the decay of radioactivity from the injection site with a surface probe placed over the site. Blood flow is calculated (16) as blood flow ϭ Ϫ100 ϫ ϫ K (ml ϫ 100 ml tissue/min), where is the partition coefficient of tissue/blood (in units of radioactivity per unit mass of tissue per units of radioactivity per unit volume of blood) and K is the elimination rate constant for the monoexponential washout of 133 Xe. It is assumed that the injection is into the interstitial fluid, and thus any change in flow calculated by this procedure reflects a change in nutritive flow; this will not necessarily correlate with a change in total flow, as argued previously. To illustrate this point, vasodilators that increase total flow (limb blood flow), such as sodium nitroprusside (SNP) or bradykinin, but do not increase nutritive flow would not be expected to have an effect on the rate of 133 Xe clearance. Similarly, a systematic error attributed to this method at exercise work rates of Ͼ60% maximal oxygen consumption (V O 2max ) may not be entirely due to diffusion limitations of 133 Xe (12) . It may be that, at high work rates and high total flow rates, a greater proportion of nonnutritive flow occurs commensurate with a need for redirecting some blood flow to skin for cooling.
Another approach using washout kinetics has been to estimate distribution volumes following a bolus intravenous injection of a labeled marker. Recently, Ellmerer et al. (44) used the Henthorn et al. (69) three-compartment model to assess the effect of hyperinsulinemia on transport parameters and distribution volumes of labeled inulin (a marker that has access to the vascular and interstitial spaces) in the dog. The original model described by Henthorn et al. delineated the mean central compartment, as the blood volume and the two peripheral compartments of the model were said to represent rapid and slow equilibrating interstitial fluid compartments of the whole animal. Indirect evidence suggested that the fast equilibrating compartment represented splanchnic blood flow, as this could be accounted for by the presence of porous capillaries and thus minimal resistance to movement of inulin (44) . Subsequently, Steil et al. (166) claimed the slow equilibrating compartment to be attributable to muscle interstitial fluid, and Ellmerer et al. (44) showed that there was a strong and highly significant correlation between the labeled inulin response of the slowly equilibrating compartment from the three-compartment model using plasma data only and the labeled inulin response directly measured in the hindlimb lymph compartment. These later data were possible only by directly sampling the hindlimb lymph (44) at two levels (low and high) of insulin. However, it is important to note that, because the vascular (or blood) compartment did not simultaneously increase during hyperinsulinemia, the increase in the slowly exchanging compartment was concluded to be due to increased access (44) , possibly attributable to an insulin-mediated increase in vasomotion. It is also interesting to note that, in a similar study, L-[
14 C]glucose disappearance from plasma and appearance in lymph were not altered by maximally effective insulin infusion (166) . One potential difficulty that is not addressed in these studies where lymph is sampled is the rate of lymph formation. Measured levels of labeled inulin and L-glucose in lymph are each expressed as disintegrations per minute per milliliter and would clearly be influenced by the rate of lymph formation if the rate of transendothelial inulin and L-glucose differed. For example, it is established that lymph albumin concentration decreases as the rate of lymph formation increases (58) , and it is not known whether insulin has any effect on the rate of lymph formation. Overall, this method is at best an indirect approach to assessing changes in capillary recruitment because it has yet to show an increase in microvascular perfusion volume when other more direct methods have done so under similar conditions (e.g., see Ref. 33) . There is also the added complication that hindlimb lymph was collected by continuously massaging the hindlimb (124) , and this may have affected microvascular perfusion.
Venous occlusion plethysmography (Table 1) involves placing a strain gauge around the midforearm with a rapid occlusion cuff sited on the upper arm. Rapid inflation of the cuff to 40 mmHg is initiated within 1.5 s by means of gas from a compressed air cylinder. With the blood pressure cuff around the bicep, the subject's arm is supported so that the midforearm is slightly above heart level. During the time of elevated pressure, venous outflow is prevented, but arterial inflow is unimpeded. Consequently, the limb swells as the arterial inflow accumulates. The rate of inflow is determined from the slope of the accompanying record of forearm circumference, obtained from a gauge around the midforearm. Venous occlusion plethysmography is usually used to measure total forearm blood flow (e.g., see Ref. 186 ), but occasionally researchers have used this technique to study impairment of microcirculation, as assessed by the time required for reactive hyperemia to reach peak value (e.g., see Ref. 1) or microcirculatory endothelial function (188); hence, this technique is listed in Table 1 . Whether or not responses determined in this manner partly or fully reflect microcirculatory function remains to be resolved. However, venous occlusion plethysmography would almost certainly perturb microvascular flow and cannot be used to determine capillary recruitment.
Indocyanine green (ICG; also known as Cardio-Green), unlike Evans Blue, is bound to plasma proteins with no retention in extravascular tissue spaces (16) . Because of this and the ability to detect ICG by near-infrared spectroscopy (NIRS), it is possible to determine blood flow by applying the Fick principle, where the rate of accumulation of ICG in a given tissue is equal to its rate of inflow minus its rate of outflow (Table 1) . Thus, if ICG is introduced rapidly and its rate of accumulation measured over time, blood flow can be measured as a ratio of ICG accumulated to the quantity of tracer introduced over a given time. Provided that it remains only in the vascular space, the total tissue signal if the ICG were to be infused at a constant rate to achieve a steady-state concentration should be indicative of the total perfused volume. This would of course include large vessels, macrocirculation, and microcirculation, including nutritive and nonnutritive routes. Unless corrections can be made for the volumes other than nutritive route, microvascular volume cannot be determined. NIRS-ICG was first used to measure cerebral blood flow in the duck (32) , and although changes in flow estimated by ICG paralleled those of 133 Xe washout, the clearance curve for ICG was very short (Ͻ30 s) compared with 133 Xe of 10 -30 min (32) . This discrepancy between the two methods may reflect a low fraction of total flow that is nutritive. In the study by Boushel et al. (16) , regional blood flow in calf muscle and around the Achilles tendon was quantified during plantar flexion using NIRS-ICG; blood flow was found to be proportional to workload.
Capillary recruitment from redistribution of microvascular flow or flow sharing: indications from isolated vessel studies and models. It has been reported that capillary recruitment can occur under circumstances when total flow does not increase (31, (177) (178) (179) ; this can be with low physiological doses of local insulin (31) or at low levels of exercise in human forearm (178) or low levels of systemic insulin (197) in rats. Capillary recruitment has been detected either with an imaging approach (CEU) or from metabolism of 1-MX, both of which imply an increase in capillary surface area for exchange. For this to have occurred, blood flow has been either redistributed from previously perfused vessels (these might be the low-resistance, high-capacitance, and shorter nonnutritive capillaries) into previously unperfused longer, more tortuous, nutritive capillaries or shared from a few into additional similar capillary units. In either case, insulin-mediated vasodilation could be responsible for lowering the resistance at terminal arterioles leading into the recruited route. With these notions in mind, the challenge has been to devise ways of assessing the flow patterns discussed above, which might explain the capillary recruitment that occurs with physiological insulin when total blood flow does not increase. Two of the methods, CEU and LDF, have been tried with the two most likely models, each of which was constructed and tested in vitro. In the first model, recruitment of capillaries by flow sharing (i.e., recruiting further arms of a manifold) would predict that red cell velocity would decrease. In contrast, in the second model, if flow is redistributed from a shorter into a longer, more tortuous route where capillary surface area increases, red cell velocity would not change. However, recent studies using CEU (135) , which provides a measurement of both microvascular volume and the rate of fill of that volume, proved inconclusive. CEU estimates of capillary volume increased and measurements of capillary filling rate decreased, regardless of whether flow was switched from shorter to longer capillaries, or flow was recruited from one to many capillaries within a manifold. From similar model studies using LDF (25) , an increase in signal in the absence of an increase in bulk flow would favor the model where flow was switched from shorter to longer capillaries. However, these are only model studies in vitro, and the issues remains to be resolved in vivo.
Parallels and differences between insulin action and exercise. Both insulin action and exercise result in capillary recruitment in muscle. This has been evident from recent use of either the 1-MX metabolism method or CEU (31, 33, (177) (178) (179) . Capillary recruitment due to muscle contraction has been known for some time (72, 90) and can be visualized directly by microscopic examination of muscle sections for capillary content of red blood cells following movement or stimulus. Surprisingly little exercise (effort and/or frequency of electrical stimuli) is required to initiate capillary recruitment, but in general, the increase with maximum exercise exceeds that with maximum insulin, suggesting that there are regions of the nutritive route that are recruited by exercise but which cannot be recruited by insulin. In addition, insulin-mediated capillary recruitment is very sensitive and occurs at lower doses of insulin than those required to increase leg glucose uptake and femoral blood flow in the rat (197) . Time course studies indicate that muscle contraction-mediated capillary recruitment in rats in vivo begins to occur as soon as contraction is started (Ross RM, Rattigan S, and Clark MG, unpublished observations), and precise detection of when this actually takes place is limited by the resolving power of the CEU technique. In comparison, insulin-mediated capillary recruitment from systemic insulin infusion is slower in onset than that due to exercise, but capillary recruitment due to insulin precedes signaling and glucose uptake in the myocytes (177) . If insulin is injected directly in the interstitium, the metabolic response occurs at least 5 min sooner than when insulin is infused systemically (23) . Mechanistic differences are also apparent when insulin and exercise-mediated capillary recruitment are compared; only insulin is blocked by inhibitors of NOS (136), and in the obese insulin-resistant Zucker rat, capillary recruitment due to insulin is absent but the response to exercise is normal (184) . Similarly, exercise-mediated rates of glucose utilization, carbohydrate and fat oxidation in patients with non-insulin-dependent diabetes mellitus do not differ from healthy controls (81), possibly suggesting that exercise-mediated capillary recruitment may also be normal.
Insulin-mediated increases in vasomotion: possible implications. Vasomotion is a spontaneous rhythmic change of arteriolar diameter that almost certainly plays an important role in ensuring that tissue such as muscle is perfused sufficiently to sustain the prevailing metabolic demand (141) by periodically redistributing blood from one region of the muscle to another (Fig. 1) . It is most active under conditions of low bulk flow rates or reduced overall perfusion (115) and is readily detectable in skeletal muscle vasculature at rest. Thus a snapshot of resting muscle at any one time might suggest that a certain region is "underperfused." However, a snapshot at a later time point will show that the previously underperfused region is now perfused and another region is underperfused. The consequence is that, over an extended period, all of the muscle receives sufficient oxygen and nutrients to meet energy demands required for the basal state. Vasomotion is an oscillation of vascular tone that is thought to be generated in the vascular Fig. 1 . Proposed schematic blood flow patterns in muscle in vivo under basal conditions and following a physiological rise in plasma insulin. Insulin increases microvascular perfusion as a result of lowering the resistance in terminal arterioles and gives rise to increased perfusion of nutritive capillary beds. This is accompanied by a passive decrease in nonnutritive flow when bulk flow does not increase. Overall, there is an increase in perfused microvascular volume, as detected by contrast-enhanced ultrasound and laser Doppler flowmetry (LDF) and an average increase in available capillary surface area for 1-methylxanthine metabolism and glucose uptake. Insulin's increase in microvascular perfusion is also associated with an increase in vasomotion that is responsible for the rhythmic redistribution of blood flow throughout the muscle and which very likely contributes to the increase in microvascular perfusion. Wavelet analysis of the LDF signal reveals that insulin predominantly augments the myogenic component of vasomotion occurring at 0.1 Hz; hence, 3 different (random) patterns are shown to occur at intervals of 10 s. Perfused and unperfused capillaries are shown as solid and broken lines, respectively. During the increased rhythmic dilatation resulting from insulin, the arterioles allow greater penetration of blood flow into the microvasculature, analogous to "waves breaking further up the beach," and more capillaries are perfused. In insulin resistance, insulin-mediated increase in microvascular perfusion and vasomotion are impaired, resulting in predominantly nonnutritive flow. With limited capillary recruitment and limited vasomotion, periodic blood flow to a capillary unit impacts more on glucose uptake than insulin signaling. Because the extraction fraction of glucose is high, interruption of blood flow leads to a decline in capillary blood glucose level sufficient to limit uptake. Periodic delivery of insulin may be sufficient to allow insulin signaling, which, once activated, continues unabated, increasing the demand for glucose that cannot be met.
wall and is not a consequence of heartbeat, respiration, or neuronal input (115) . A noninvasive technique (for skin) that allows detection of changes in vasomotion in vivo is LDF. A number of very useful papers from Stefanovska et al. (165) and Rossi and colleagues (137) (138) (139) have analyzed the reflected LDF signal from skin to provide indirect assessment of vasomotion (10) . In humans they have interpreted the spectrum as follows: the highest frequency peak that manifests in the arterial tree and in the microvascular blood flow signal reflects the heart beat that ranges from 0.6 Hz in sportsmen to 1.6 Hz in subjects with impaired cardiovascular function. Simultaneous monitoring of heart rate confirms the origin of this peak in the LDF signal from the microvasculature. There is very little evidence of the respiratory activity peak, which is nominally indicated to be 0.15 to 0.4 Hz and can be readily confirmed by monitoring lung excursions. The third highest frequency peak is ϳ0.1 Hz and is thought to correspond to blood pressure regulation, where the smooth muscle cells in the vessel's walls respond to changes in intravascular pressure, and this is known as the myogenic response (78) . Although attributed to spontaneous intrinsic stretch-dependent ion channels, it may also be controlled by the sympathetic nervous system (122) . Since this peak stands out as the one that changes most with insulin-mediated changes in LDF signal from skin (138) and muscle (114) , it may indicate an important vasomotor input mediated by insulin. Another peak occurs at the interval from 0.02 to 0.06 Hz, and this is thought to represent neurogenic activity and is eliminated following denervation (84). The lowest frequency peak occurs at ϳ0.01 Hz and is thought to derive from endothelial activity (e.g., see Ref. 138 ). There are two reports of an increase in vasomotion in muscle as a result of insulin action, where an LDF probe was impaled in the leg of either human subjects (35) or rats (114) undergoing a hyperinsulinemic clamp. In the human study, insulin increased the contribution of frequencies between 0.01 and 0.04 Hz (determined by Fourier analysis), which the authors attributed to increased endothelial and neurogenic activity (35) . It remains to be explained why this result differs from results from iontophoresed insulin in human skin, where there has been a consistently marked increase in amplitude of the frequency at ϳ0.1 Hz (138). Similarly, rat muscle studies showed the main increase due to insulin, deduced by wavelet analysis, to be myogenic at 0.1 Hz (114). The increase in vasomotion at around this frequency is considered to be due to spontaneous rhythymic oscillations in intracellular Ca 2ϩ concentration of the vascular smooth muscle (115) , and the increase in amplitude of the myogenic response may imply that insulin activates some aspect of the process, leading to an increase in intracellular Ca 2ϩ . An increase in vasomotion due to insulin would enhance microvascular perfusion (Fig. 1) without necessarily requiring an accompanying increase in bulk flow, as is commonly the case with physiological insulin (31, (177) (178) (179) . It is important to note that some workers have shown that the peak at 0.133-0.03 Hz is related to rhythymic contractions of the terminal arterioles, which can be induced during hemorrhagic hypotension and visualized using intravital microscopy (14) . These are not always detectable because the terminal arterioles or precapillary sphincters are not synchronized over significant portions of the microvasculature, and so the signal is averaged out when sampled by LDF (145) . It follows that synchronization of the oscillations may explain their detection. A slower wave vasomotion at 0.02-0.05 Hz is not evident until mean arterial pressure falls to ϳ35 mmHg (145) , and this is thought to originate in larger-sized vessels, possibly the transverse arterioles.
On balance, it would now seem likely that insulin-mediated increase in intensity of vasomotion at the terminal arterioles involving primarily smooth muscle could play a major part in the increased microvascular perfusion by contributing to increased penetration and distribution of blood flow (Fig. 1) . If this is initiated by insulin acting on smooth muscle insulin receptors, then it might explain why vascular endothelial insulin receptor knockout (VENIRKO) mice are not insulin resistant (174) . However, it cannot readily account for eNOS knockout mice being insulin resistant (157) unless eNOS is involved in nonvascular mediation of glucose uptake (136) .
Capillary recruitment and the concept of partly perfused muscle at rest. Insulin-and exercise-mediated capillary recruitment is predicated on the assumption that skeletal muscle at rest and before a meal is only partly perfused (i.e., there exists a reserve of unperfused capillaries that are recruited to carry flow not only by muscle contraction but also by insulin). A corollary to this concept is the possibility that rhythmic redistribution of blood flow by vasomotion operates so that on average about one-half to one-third of the muscle is perfused at any one time. Even so, there is some evidence that, when muscle is exposed and examined at rest by intravital microscopy, all capillaries are perfused (e.g., see Ref. 123) . Clearly, if all capillaries are fully perfused with red blood cells at rest, then the observed increases in microvascular perfusion mediated by insulin or exercise create a dilemma. The evidence in favor of capillary recruitment and, by default, a capillary reserve at rest derives largely from findings obtained using five different approaches discussed in detail elsewhere (27) and relates to observations of red cell distribution in cryosections of muscle before and after contraction (72, 90) , intravital microscopy of surgically exposed transparent muscle of anesthetized animals (e.g., see Ref. 97 ), 1-MX metabolism (127), CEU (178) , and LDF (35) . The reader is directed to a point-counterpoint discussion (27, 123) on this controversy where the above evidence for, as well as the evidence against, a capillary reserve in muscle at rest is presented in more detail.
Obesity, Insulin Resistance, and Impaired Insulin-Mediated Capillary Recruitment
Identifying the rate-limiting step of impaired muscle glucose uptake. In animal models of muscle insulin resistance and in human subjects who show decreased ability of insulin to increase muscle glucose uptake, there has been considerable debate as to where the rate-limiting step(s) occurs as the insulin resistance becomes entrenched. A number of approaches have been used to assess the situation. Halseth et al. (63, 64) used radioactive-labeled markers to monitor the muscle [glucose]/ plasma [glucose] ratio in rats following insulin administration and concluded that glucose delivery, reflected by an increased ratio, was a rate-limiting step in one of the muscles examined (gastrocnemius) when animals were on a normal balanced diet. However, following a period on a high-fat diet that led to insulin resistance, the ratio of muscle [glucose]/plasma [glucose] became elevated in all three of the muscles examined (soleus, gastrocnemius, and superficial vastus lateralis) follow-ing insulin administration (63) . Overall, these data suggest that glucose delivery is a rate-limiting step in normal insulin action and that this step becomes further limiting as muscle insulin resistance develops.
Bertoldo et al. (11) have used dynamic PET imaging of human muscle in vivo to assess interactions between delivery, transport, and phosphorylation of glucose in governing uptake into muscle of lean healthy subjects under normal conditions. Three tracers used were [ 15 18 F]fluoro-deoxy-D-glucose to quantify determinations of glucose delivery, transport, and its phosphorylation, respectively. Control during insulin-stimulated conditions indicated delivery and transport of glucose to be the key steps. In essence, insulin-mediated stimulation of glucose transport unmasked a greater dependence on glucose delivery and phosphorylation than was previously evident.
It is important to note that there is no consensus in this debate over where the rate-limiting step for glucose uptake occurs in insulin-resistant muscle. A number of studies by Perseghin et al. (118), Petersen et al. (119), and Rothman et al. (140) examining early stages of insulin resistance including healthy, young, lean, insulin-resistant individuals have shown that insulin resistance in these subjects can be attributed mostly to defects in insulin-stimulated glycogen synthesis. In these studies, magnetic resonance spectroscopy and a combination of 13 C-and 31 P-enriched substrates were used to noninvasively measure changes in glycogen synthesis, intracellular glucose, and intracellular glucose 6-phosphate. In essence, it was found that the reduction in insulin-stimulated muscle glycogen synthesis was associated with a blunted increment of insulinstimulated intramuscular glucose 6-phosphate concentrations and a markedly decreased concentration of intracellular glucose, particularly evident in muscle from patients with type 2 diabetes (see review in Ref. 120 ). Overall, these data were interpreted by those authors to reflect that defective insulinstimulated glucose transport activity was the major factor responsible for insulin resistance in patients with type 2 diabetes. However, no mention was made of defective glucose delivery resulting from impaired vascular function, although the data would not exclude this as the defective step.
Another approach to assess the rate-limiting step that is responsible for impaired muscle glucose uptake in insulin resistance has been to use microdialysis. But in these studies (161) , the focus has been on insulin delivery. To do this, microdialysis probes were inserted in muscle of obese and nonobese subjects and the time-rate of rise of interstitial insulin concentration was determined. Inulin, a polymer of D-fructose and of similar molecular mass to insulin, was used as a comparison. It was found that the time-dependent rise in interstitial insulin and inulin were similar in nonobese subjects but considerably slower in obese subjects. These data imply that, in the obese insulin-resistant subjects, insulin delivery from plasma to interstitium is rate limiting.
As indicated in an earlier section of this review, monitoring the delivery of radioactive inulin to the interstitium and lymph has been used by Ellmerer and colleagues (43, 44) . During hyperinsulinemic euglycemic clamps in dogs, insulin was found to stimulate the extravascular distribution volume of inulin (44) , and in a later study (43) , insulin was shown to increase movement of inulin to the lymph that drained from hindlimb muscles. A high-fat diet resulted in a significant reduction of the peripheral distribution volume of [ 14 C]inulin and a marked decrease in inulin appearance in the hindlimb lymph. Again, consistent with the findings of Sjöstrand et al. (161) , insulin-mediated delivery of inulin would appear to be impaired with insulin resistance.
Transendothelial transport of insulin as a rate-limiting step in insulin action and insulin resistance. From studies discussed earlier in this review, it would seem highly probable that insulin's transport from the central circulation into muscle is rate limiting for the stimulation of glucose metabolism under normal conditions. Consequently, by recruiting muscle microvasculature, insulin may promote its own movement into muscle interstitium. There are a number of studies indicating insulin's transendothelial transport to be rate limiting for its action in stimulating muscle glucose uptake (103, 124, 159, 189) . However, separating insulin-mediated capillary recruitment from insulin-mediated transendothelial insulin transport has proven to be complicated. In one recent study (42) , microvascular blood volume, a reflection of the extent of capillary recruitment (measured by CEU), total blood flow and muscle insulin, and glucose uptake (by forearm balance technique), was measured in lean healthy subjects before and during an insulin clamp. It was found that capillary recruitment increased due to insulin. Forearm insulin uptake abruptly increased with the increase in capillary recruitment, but further uptake did not occur and indeed clearance gradually declined. These data suggest that insulin clearance is not passive and that a process exists at the capillary that can become saturated. However, it does not tell us whether insulin mediates its own entry into the interstitium by a process additional to the effect of increased capillary surface area, the result of capillary recruitment. In a separate study, the same group showed that low frequency muscle contraction increased transendothelial movement of both albumin and insulin (at basal insulin levels) in association with capillary recruitment (74) . The question of whether insulin mediates insulin transendothelial transport would still seem to be unresolved, including its role, if any, in insulin resistance, where general transendothelial movement of macromolecules may increase (193) .
Implications of insulin resistance on muscle fatty acid uptake. The relationship between fatty acid uptake, fatty acid oxidation, and insulin resistance has come under close scrutiny in recent times. This is largely because elevated plasma fatty acids have invariably been linked to insulin resistance (120, 143) and infusion of intralipid with heparin induces an acute state of insulin resistance (29) . Moreover, established insulin resistance corresponds with fewer subsarcolemmal mitochondria of diminished size, potentially reflecting impaired fatty acid oxidation, thus causing intermediates to accumulate intracellularly to impair insulin-mediated glucose uptake and metabolism in muscle (120) . Given that insulin normally increases capillary recruitment as part of its action in healthy individuals and thereby potentially increases fatty acid delivery to muscle, it is of interest to examine the effect of insulin clamp on fatty acid uptake. Fatty acid uptake has been difficult to measure, but a labeled (essentially nonmetabolized) fatty acid has been used. This is 18 F-FTHA (fluoro-6-thia-heptadecanoic acid), and its clearance from plasma and appearance in muscle was determined by measurement of label in muscle biopsies (animals; see Ref. 62 ) and by PET (humans; see Ref. 100 ). In healthy pigs (that have similar lipoprotein profiles to humans), using physiological insulin there was a threefold increase in the tissue-to-plasma input radioactivity ratio of skeletal muscle (when fasted and hyperinsulinemic conditions were compared). But because the arterial concentration of free fatty acids (FFAs) decreases proportionately more due to insulin-mediated inhibition of lipolysis, a net increased uptake into muscle is generally masked. The masking effect of decreased lipolysis was less in rats where, using 3 H-R-bromopalmitate [another fatty acid tracer (68)], FFA clearance increased into red gastrocnemius muscle when insulin clamp and basal conditions were compared. However, it remains to be seen whether increased capillary area due to insulin has contributed to the apparent increased muscle fatty acid uptake in normal healthy animals and humans.
Other data in the literature using a more reductionist approach are not helpful in assessing the role of blood flow in muscle fatty acid uptake. For example, in isolated perfused rat hindlimbs, insulin increased fatty acid uptake by 51% (98); this was deduced to be due to the insulin-mediated translocation of the fatty acid transporter protein FAT/CD30 to the sarcolemma. Keeping in mind that the perfused rat hindlimb is fully dilated and not subject to insulin-mediated capillary recruitment, then increased uptake has occurred independent of change in capillary surface area. As another example, in insulin-resistant type 2 diabetic and obese subjects, free fatty uptake was reported to be upregulated (13) . Giant sarcolemmal vesicles prepared from the muscle of these patients and incubated with labeled palmitate showed that fatty acid uptake was increased by approximately fourfold compared with similar vesicles prepared from lean subjects. Furthermore, fatty acid uptake by isolated perfused hindlimbs (no insulin) from obese Zucker rats showed higher rates of FFA uptake than their lean counterparts (170) . Again, because the isolated perfused rat hindlimb preparation is fully dilated, a potential role for changes in microvascular perfusion cannot be made. Taken together, the effects of increased capillary recruitment and, hence, delivery on fatty acid uptake by muscle in vivo are yet to be resolved. Similarly, impaired delivery of fatty acids that is likely to be occurring in insulin resistance also needs to be addressed. In addition, the increased metabolic uptake of fatty acids by skeletal muscle sometimes ascribed to insulin resistance (e.g., see Ref. 158) needs to be rigorously examined given that interfibrillar adipocytes, located on the nonnutritive route, may be receiving preferential blood flow in insulin resistance.
Vascular Dysfunction
Definition. The microvasculature of muscle has the major function of ensuring optimal delivery of hormones and nutrients to the myocytes. There are now several studies where loss of function reflected by impaired capillary recruitment in response to insulin occurs in association with impaired insulinmediated glucose uptake by the myocytes (see review in Ref. 28 and the references therein). However, more research is required before it can be concluded that vascular dysfunction per se translates to impaired delivery in muscle following insulin action. For example, microvascular dysfunction is ascribed when any one of the following can be demonstrated to be different from normal: 1) decreased vasodilation in response to classic endothelium-dependent vasodilators, such as acetylcholine; 2) decreased vasodilator function of resistance vessels and capillary recruitment in response to reactive hyperemia; 3) increased vasoconstrictor responsiveness; and 4) decreased insulin-mediated capillary recruitment. Change of either decreased vasodilation in response to classic endothelium-dependent vasodilators, decreased vasodilator function of resistance vessels and capillary recruitment in response to reactive hyperemia, or increased vasoconstrictor responsiveness has not yet been shown to correlate with loss of insulinmediated capillary recruitment. Measurements are often made of microvascular responses in skin, where it is relatively simple to apply acetylcholine, SNP, or insulin by iontophoresis and measure change in LDF signal. However, the vast majority of studies have been to measure flow in a major blood vessel such as the carotid artery (20) or brachial artery (6) . Typically, vascular endothelial function is assessed by flow-induced vasodilation determined by acquiring ultrasound images of the artery 1 min after cuff deflation; at this time point, vasodilation is considered to be NO dependent (6) . Yet others have examined responses in isolated vessels from experimental animals. One such recent study using isolated aortas from 3-and 24-mo-old rats showed that NO-dependent relaxation to insulin was markedly impaired in the older rats but that endothelial NO-dependent (acetylcholine) and endothelial-independent (SNP) vasorelaxation were similar in the young and older rats (148) . In general, obese subjects show impaired responses in skin and resistance arteries to classic endothelium-dependent vasodilators (34, 38, 168) , and this may extend to impaired capillary recruitment in response to reactive hyperemia (2, 34, 38, 56) as well as shear stress (2) . Unfortunately, very few in vivo studies have attempted to assess whether the loss of response to insulin occurs alongside the loss of response to acetylcholine. However, a number of studies that have involved therapeutic intervention have reported recovery of response to acetylcholine without amelioration of the impaired insulin-mediated glucose disposal (e.g., see Ref. 110) . If impaired insulin-mediated capillary recruitment is indeed responsible for part of the impaired insulin-mediated glucose uptake by muscle in insulin resistance, then an improvement in microvascular function should also lead to an improvement in glucose uptake. Thus the relationship between acetylcholinemediated vasodilation and insulin-mediated capillary recruitment in skin and insulin-mediated glucose uptake in muscle needs to be further explored. One elegant study by de Jongh et al. (37) measured capillary recruitment in skin with capillaroscopy (after 4 min of arterial occlusion with a digital cuff) and vasodilation by iontophoresis of acetylcholine before and after hyperinsulinemia in lean women following FFA elevation. They found that FFA elevation impaired capillary recruitment and acetylcholine-mediated vasodilation before and during hyperinsulinemia (SNP effects were unchanged). Provided that regulation of skin microvascular perfusion represents what is occurring in muscle, these results certainly suggest that insulin-mediated capillary recruitment in muscle may parallel acetylcholine vasodilation. Similarly, it might be expected that the general loss of response to endothelial-dependent vasodilators and not just muscarinic receptor agonists as determined in human forearm blood flow (by strain-gauge plethysmography) in overweight/obese individuals (171) accompanies the loss of insulin-mediated capillary recruitment, as reported by others on similar subjects (30) .
Because of the dissociation between limb blood flow and capillary recruitment, it might not be meaningful to attempt to relate macrovascular responses to endothelium-dependent vasodilators to insulin-mediated muscle glucose uptake. As indicated elsewhere in this article, insulin-mediated capillary recruitment may be regulated predominantly by insulin receptors on the vascular smooth muscle cells of the terminal arterioles and only partly dependent on endothelial mechanisms. For example, there is a report of insulin acting to dilate coronary epicardial vessels in vitro in an endothelial-independent manner involving activation of potassium channels and independently of cyclic guanosine monophosphate (cGMP) production (67) . Also, the microvascular action of insulin when iontophoresed into skin causes a marked increase in the amplitude of the vasomotion frequency attributed to a vascular smooth muscle response when LDF signals are subjected to wavelet analysis (138) . Thus vascular function tests on larger vessels based on the response to endothelium-dependent vasodilators might not address the key issue on two counts.
Vascular shunts. The presence in muscle of a nonnutritive route, or functional shunt, conveys a character on this tissue similar to many others that have shunts and raises the question of the role that these might play in physiological and pathophysiological states. As early as 1952, it was pointed out that a paradox exists in type 1 diabetics where skin blood flow can be normal or even increased, yet tissue hypoxia is clearly evident (15, 18, 41, 50) . One explanation for this has been that a malfunction of microvascular regulation (79, 88, 133) occurs, leading to a maldistribution of blood flow between nutritional and nonnutritional routes (with the latter sometimes referred to as "thoroughfare channels"). Thus, in the skin of a type 1 diabetic, blood flow is carried predominantly by the nonnutritive route. However, it is important to point out that the nonnutritional route may not necessarily be a discrete vascular entity. For example, and as delineated by Fagrell et al. (51) in a thoughtful editorial comment, the nonnutritive route may simply occur as a preferential pathway in the microvascular network. For example, when skin vessels in vivo are visualized under microscopy, it is clear that red blood cells distribute at capillary bifurcations and concentrate in the branch with greater velocity. Therefore, in successive bifurcations of nonidentical vessels, there are natural and passive mechanisms that cause increasing hematocrit in the preferential channels relative to the surrounding capillaries. These preferential channels are necessarily of lower resistance than the surrounding capillary beds, and a change (i.e., increase) in distribution of blood flow is achieved only by vasodilation of the higher resistance branch point and/or vasoconstriction of the lower resistance branch point. Indeed, in a number of early studies, we have shown that vasoconstrictors act to increase nutritive flow or nonnutritive flow in the constant-flow, pump-perfused rat hindlimb by vasoconstricting to decrease entry to the alternate route (e.g., see Ref. 26) .
Preferential capillaries, or channels, have been observed in a number of tissues, including muscle (87) . A deleterious contribution to pathology results from the bypass function of the preferential pathway. Examples include hemorrhagic shock and ischemia reperfusion injury, where the normal capillary endothelium swells proportionately more than those of the preferential channels, leading to increased resistance and thus diminished nutritive flow (101) . It seems entirely plausible that the inflammation associated with obesity may be a primary cause of swelling of the nutritive capillary endothelium, leading to impaired delivery of glucose and insulin and, hence, to muscle insulin resistance with regard to capillary recruitment and myocyte metabolism. Flow is then locked into a predominantly nonnutritive state, favoring attendant adipocyte growth as interfibrillar fat. There is one recent report where insulin resistance from intralipid infusion resulted in the diversion of intramuscular insulin into the exiting capillary network, concluded to be vascular shunts (22) . Thus lipid directly or indirectly, through oxidative stress, may influence insulin-signaling pathways in either, or both, the endothelium or vascular smooth muscle so that insulin-mediated capillary recruitment becomes impaired and blood flow is carried predominantly via the nonnutritive (or shunt) route (Fig. 1) .
Myocyte vs. vascular dysfunction as the cause of insulin resistance in muscle. The cause of insulin resistance in muscle is still not resolved, and, as mentioned above, there are those who firmly believe that the key impairment lies within the myocytes (which henceforth should be called the "myocyte hypothesis"; e.g., see Refs. 82 and 143) . Of course, this may well be the case when insulin resistance becomes fully established. However, there is also a very real possibility that changes in the microvasculature precede impairments in the myocytes. Thus an early microvascular dysfunction leads to extensive periods of poor delivery of insulin, glucose, and other nutrients, and the muscle cells may respond by adapting to this scenario. There is at least one study where vascular function has been assessed in relation to the onset of diabetes and hypertension in a well-proven animal model, the Zucker diabetic fatty rat (96) . These workers found that increases in vasoconstrictor responsiveness resulting from diminished NO signaling in skeletal muscle arterioles preceded the development of diabetes and hypertension in these animals. There is also evidence that vascular insulin resistance in aging may contribute to the development of hypertension and precede the development of metabolic insulin resistance (148) . However, in general, the widely held notion at present is that endothelial dysfunction results from the hyperglycemia and other metabolic consequences of insulin resistance (e.g., see Ref. 126) . For example, there is evidence that optimizing glycemic control reduces the development and progression of microvascular dysfunction (53) .
Proponents of the myocyte hypothesis have applied a number of in vivo and in vitro approaches to try and identify the insulin-signaling defects associated with type 2 diabetes (95). Even so, it is not clear whether insulin-signaling defects are a cause or a consequence of skeletal muscle insulin resistance (82) . Thus the notion that impaired perfusion has caused myocyte adaptations to occur merits careful consideration. This becomes even more important when one observes that published results of insulin-signaling defects in skeletal muscle are claimed to be inconsistent (82) , having been drawn largely from subjects with long-standing type 2 diabetes (82). Take, for example, the question of whether or not insulin receptors (IR) in skeletal muscle from type 2 diabetics are altered. Protein expression studies indicate that expression of IR is normal (3, 91) , and other signaling proteins are also expressed at normal or near-normal levels (82) . This could imply that impaired perfusion, were it to have been occurring for some time, has had no effect on the expression level of IR or other insulin-signaling proteins. However, when assessing an acute insulin response in vivo, insulin-mediated glucose uptake by muscle is clearly impaired. Measurements of insulin binding to IR or indeed signaling further along the pathway conducted in vitro, where delivery of insulin and glucose is simply by diffusion, cannot address this issue. Recent studies that have examined this question in human subjects in vivo (83) suggest that all steps of insulin signaling are normal until the step immediately preceding glucose transporter-4 translocation involving AS160. Thus the increment of insulin-mediated phosphorylation over basal state for AS160 was markedly reduced in skeletal muscle from type 2 diabetic patients compared with healthy controls (83) . This may be due to an impairment in activation of the kinase (Akt) that phosphorylates AS160, where phosphorylation of Akt on Thr 308 over basal was also reduced in type 2 diabetic patients (83), a problem that may result from Akt isoform-specific differences or indeed the altered metabolic milieu, particularly hyperglycemia (82) . In this respect, insulin-mediated Thr 308 phosphorylation of Akt was similar between normal and type 2 diabetic patients after glycemia was normalized (102) . Findings of this kind clearly suggest that, once type 2 diabetes has become entrenched, major defects develop in the insulin-signaling pathway of the myocytes. However, this does not necessarily identify the intial cause of the insulin resistance, where loss of myocyte insulin signaling may have been the outcome from an intial loss of vascular function affecting insulin and/or glucose delivery. Another concept is that insulin resistance is in essence an adaptive phenomenon and that impairments in insulin signaling in vessels and muscle develop in parallel, without one causing the other (after having taken into account that impaired insulin delivery will cause metabolic insulin resistance). It is pertinent to note that insulin signaling in muscle and endothelium is very similar.
Taking all possibilities into account, it is this reviewer's opinion that impaired delivery of glucose due to vascular dysfunction may be the key issue. For this argument, much depends on the role and extent of vasomotion (Fig. 1) , which periodically interchanges regions of underperfusion of the skeletal muscle (see Insulin-mediated increases in vasomotion: possible implications) and which is very likely stimulated by insulin in normal muscle (35) . In this scenario, insulin delivery, although impaired, may be sufficient for signaling to become activated throughout the entire muscle tissue. A brief exposure allowing insulin to bind to its receptor occurs when flow is occurring, and although further delivery of insulin to that region may halt when vasomotion redirects the blood flow to other regions of the muscle, the signaling cascade is activated. In contrast, periodic glucose delivery may mean that the concentration falls in those regions that are periodically without delivery so that the average interstitial concentration is lower than arterial, resulting in a lower glucose uptake over a finite period (e.g., as in a clamp or glucose tolerance test) despite full insulin signaling. Clearly, these issues must be addressed in the future.
How does impaired delivery occur as a result of vascular dysfunction, and can it be the cause of muscle insulin resistance? There seems to be no question that obesity is associated not only with insulin resistance, reflected by impaired insulinmediated glucose disposal (80), but also with hypertension (131) . Importantly, these associations can be explained by vascular dysfunction, where an imbalance between vasodilatory and vasoconstictor processes occurs such that delivery becomes compromised. Thus impaired insulin-mediated endothelium-dependent vasodilation in the resistance arteries, together with impaired endothelium-or smooth muscle-dependent vasodilation of terminal arterioles, increases vascular resistance, which in muscle contributes to decreased insulinmediated glucose disposal (28) and elevated vascular resistance. Both vasodilatory and vasoconstrictor effects of insulin have been described, and the normal response to insulin for isolated resistance arteries can be vasodilator or neutral (46, 173) . This can be accounted for by NO-dependent vasodilator effects of insulin being antagonized by endothelin-mediated vasoconstrictor effects. The signaling mechanisms for insulin's vasodilatory response in muscle resistance arteries involve phosphatidylinositol (PI) 3-kinase, Akt, and eNOS (46, 48) , whereas insulin's vasoconstriction are mediated by endothelin and are independent of PI 3-kinase. Blocking of NO production in these normal vessels unmasks the insulin-mediated vasoconstriction (46, 147) . In obese patients the vasodilatory response of insulin is greatly impaired and subsumed by a vasoconstrictor response. Thus, although insulin-stimulated endothelin is normal in diabetics (52) , it is increased in obesity (19) , and the relative lack of NO-dependent vasodilation gives rise to increased resistance. Recently, Eringa et al. (47) explored these relationships using isolated resistance arteries from the obese insulin-resistant and hypertensive Zucker rats compared with their lean counterparts. In vivo the obese Zucker is hyperinsulinemic, hyperglycemic, and highly insulin resistant at maximal insulin doses; more importantly, insulin-mediated capillary recruitment in muscle is essentially absent (182). Eringa et al. (47) showed that, in arteries of lean rats, insulin induced activity of both NO and endothelin, resulting in a neutral effect under basal conditions; blockade of NO synthesis revealed strong endothelin-mediated vasoconstrictor activity. This contrasted with arteries from obese rats, where insulin induced only vasoconstrictor activity that was not enhanced by NO synthesis blockade. In addition, protein levels of eNOS were markedly decreased in arteries of obese animals, leading to a situation where insulin-mediated vasoconstriction predominated and insulin-mediated vasodilatory function was grossly impaired. Thus a basis is provided whereby impaired insulinmediated capillary recruitment in the presence of hypertension in these same obese rats (182) can be explained.
The situation may not be restricted to endothelial processes. Vascular dysfunction may also derive from impairments in the NO-cGMP-cGMP-dependent protein kinase (PKG) pathway in vascular smooth muscle. In a recent study, again using tissue (vascular smooth muscle cells) from the obese Zucker rat, Russo et al. (142) showed a defect in NO-mediated soluble guanylyl cyclase activation and a reduction in NO and cGMP's ability to activate PKG. Most important, and as a clue to the cause of these defects, was the detected presence of higher levels of superoxide anions. Thus the addition of antioxidants partially prevented the defects of the NO-cGMP-PKG pathway observed in the vascular smooth muscle cells from the obese Zucker, which were reproduced by hydrogen peroxide in vascular smooth muscle cells from lean counterparts. These findings underscore the probable role played by oxidative stress in causing vascular dysfunction, which in turn impairs nutrient and hormone delivery.
Can the loss of an insulin-mediated vasodilatory function explain the impairment in insulin-mediated glucose uptake? It would seem so. For example, insulin-mediated capillary recruitment and glucose uptake by the muscle tissue in which capillary recruitment is measured are closely linked (24) . Thus deliberate prevention of insulin-mediated capillary recruitment in rats in vivo by a pharmacological agent (␣-methyl serotonin) that vasoconstricts to prevent access to nutritive route results in decreased insulin-mediated glucose uptake by muscle (128) . This is accompanied by a total blockade of insulin's action to decrease hindlimb vascular resistance in the same hindlimb in which capillary recuitment is blocked, thus reflecting loss of insulin-mediated vasodilatory function. Similarly, acute insulin resistance can be introduced by infusion of TNF␣ (192) , FFAs (29) , or glucosamine (181) . There is reasonable evidence that each of these nonvasoactive agents prevents insulin's action to increase capillary surface area by discrete molecular events to intercede in insulin signaling within the vascular tissue to cause vasodilation. TNF␣ and FFAs each activate kinases that phosphorylate and inactivate elements of the insulin-signaling cascade (86), leading to NO production (85) .
The exact source of agents that increase with obesity and probably cause insulin resistance has yet to be determined. Inhibitory cytokines and FFA produced locally by intermuscular (interfibrillar) adipose tissue may play a key role (57, 190) . Just how this might occur is embodied by the hypothesis referred to as "vasocrine" signaling by Yudkin et al. (195) . In any event, although insulin's vascular action may be markedly compromised, exercise-mediated vascular and metabolic actions may remain essentially intact. Thus exercise-mediated capillary recruitment and muscle glucose uptake were normal in hindlimb muscles of rats that show grossly impaired responses to insulin (184) . However, this may not be the case in other animal models of insulin resistance where vascular remodelling/rarefaction has taken place (e.g., see Ref. 56) or in humans with well-established type 2 diabetes. Indeed, in diabetic subjects, peak exercise intensity and V O 2max (49) can be reduced along with slowed microvascular blood flow kinetics (5) and accompanying mitochondrial dysfunction (146) , although this is not fully resolved (125) . The clue to understanding the basis by which insulin-mediated capillary recruitment has become impaired in insulin resistance, and to developing possible novel therapeutic approaches, may come from an understanding of how exercise mediates its effects. Even so, the mechanism whereby exercise leads to capillary recruitment is unclear. Possibilities include mechanical coupling (70) or a transient decrease in high-energy intermediates with the activation of AMPK, leading to the phosphorylation and activation of eNOS (104) , or AMPK activation may lead to vasorelaxation (and capillary recruitment) in an endothelium-and eNOS-independent manner (59) . In this regard, 5-aminoimidazole-4-carboxamide, an activator of AMPK, has recently been shown (in preliminary studies) to mediate capillary recruitment in vivo (17) .
The loss of insulin-mediated capillary recruitment with insulin resistance: can this result from muscle insulin resistance? This question is certainly valid, and an answer should be possible. For example, insulin-mediated capillary recruitment needs to be assessed in conditional knockout mice where myocyte insulin resistance has been created. Do mice with downregulated glucose transporter-4 in muscle show a normal response to insulin's action to increase capillary recruitment in this tissue? Clearly, experiments of this kind need to be addressed.
Documented chronological development of vascular dysfunction and muscle insulin resistance from longitudinal studies suggest that the former occurs first (96) and thus makes it unlikely that the loss of insulin-mediated capillary recruitment is the result of muscle insulin resistance. However, much depends on whether the indexes of vascular dysfunction (acetylcholine and SNP responses, plasma E-selectin, enhanced vasoconstrictor responsiveness, or others) are indicative of relative insulin response in terms of capillary recruitment in muscle. On balance, the available data would favor the view that vascular dysfunction precedes, and is a cause of, insulin resistance in muscle (e.g., see reviews in Refs. 76 and 151) . One property of the vasculature that is common in many of the models of muscle insulin resistance is the loss of NO production (47) . In the animal model where eNOS is deleted (eNOS Ϫ/Ϫ ), there is insulin resistance, hypertension, elevated triglycerides, and FFAs (40) as well as fewer skeletal muscle mitochondria that have less ␤-oxidation capacity (93) . This adds support to the notion that loss of vascular function through loss of NO leads to impaired perfusion, to which the myocytes are forced to adapt. As a result, fewer mitochondria of lower oxidative capacity (7) ensue, leading to elevated FFAs and triglycerides. Long-term loss of the capacity to recruit nutritive blood flow by insulin, and perhaps also by exercise, may mean that flow is predominantly nonnutritive, favoring connective tissue vessels that are interspersed between muscle fibers and bundles. The long-term consequence of this is the proliferation and growth of interfibrillar fat cells that constitute the marbling of meat. Indeed, recent studies examining the extent of intermuscular adipose tissue using whole body magnetic resonance imaging have found significant independent associations for intermuscular adipose tissue with fasting glucose, protein-bound glucose, and total cholesterol (190) .
"Vascular Fitness"
Beneficial effects of regular exercise. The immediate or acute effects of a single bout of exercise are directed primarily at supporting the working fibers with adequate nutrients and, by the same token, adequate removal of metabolic end products. Repeated bouts of exercise result in adaptation (73) , and a number of conditioning effects take place that enhance the response to insulin (187) . In addition, changes also occur where fuel preference may change (172) so that, during subsequent bouts of exercise by the trained individual, glucose flux for a given power output decreases (54) . There are also data to indicate that regular exercise (aerobic and/or resistance) delays the onset of age-related insulin resistance in muscle (121) and can ameliorate insulin resistance in obese insulinresistant subjects (89, 160) as well as in obese children without a change in body weight (8) . In addition, exercise training was shown to improve vasodilatory function, which was measured as the response to infused acetylcholine in the brachial artery in conjunction with improved insulin-stimulated whole body glucose disposal (34) . Accordingly, it is possible that regular exercise leads to a generalized "vascular fitness," along withas well as having a number of beneficial effects in improving endothelial vasodilator function and left ventricular diastolic function and decreasing total and abdominal fat (169) . We already know that exercise training of rats enhances insulinmediated capillary recruitment and glucose uptake in muscle (129) as well as skin blood flow responses to insulin in elderly humans (139) . Could regular exercise have a general effect to enhance vascular fitness? One way in which this might be assessed is to monitor the morphological appearance of retinal vessels. Insofar as this does not appear to have been directly assessed (169), a significant independent association was demonstrated between diabetic retinopathy and exercise capacity in 419 non-insulin-dependent diabetes mellitus patients who underwent graded exercise testing (49) .
From the opposite viewpoint, physical inactivity can rapidly induce insulin resistance and microvascular dysfunction (65) , so maintained physical activity has to be at least prophylactic in preventing both.
Conclusion
Insulin's action to increase microvascular perfusion (capillary recruitment) of muscle is impaired in insulin resistance and reflects early-onset vascular dysfunction and results in diminished delivery of glucose. In addition, insulin resistance is characterized by blood flow being carried predominantly by nonnutritive vessels in connective tissue where intrafibriller adipocyes can grow. Regular exercise, through its actions to substantially increase limb blood flow and fully recruit capillary flow, clearly has positive effects on the vasculature that leads to vascular fitness and enhancement of insulin-mediated capillary recruitment.
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